Fluorinated organometallic complexes are highly interesting species. Fluorides are known to confer unique properties to the metal and their coordination can lead to fascinating reactivity. Nevertheless metal fluorides remain the least understood member of the metal-halide family.
The interaction between a hard base such as fluoride and a lowoxidation state metal (behaving as a soft Lewis acid) should lead to weak metal-fluoride bonds.
1a, 5 Stabilisation of M-F bonds and isolation of LTM-fluorides has mostly been reported using phosphine, N-donor or σ-aryl ancillary ligands. 1, 6 Some of the most extensively investigated fluoride complexes are analogues of Vaska's complex ([IrCl(CO)(PPh 3 ) 2 ]) and related rhodium complexes. 1a, 6c, 7 In contrast, fluoride complexes bearing olefinic ligands remain scarce, 8 and even more scarce are those containing Nheterocyclic carbenes (NHCs). 6a, 9 NHC ligands have featured extensively in the literature as electron-rich donor ligands, and have proven particularly useful in stabilising hard/soft metal-ligand mismatches such as metal hydroxides.
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Bifluoride complexes [M(FHF) ] are very interesting, and since the first report by Coulson 11 on Pt, several examples of metal bifluorides have been reported, including Mn, 12 W, 13 Pd, 14 Ru, 15 Mo, 16 Ni, 17 and Rh, 7a, 8b, 18 
Scheme 1. Preparation of Ir(I) and Rh(I)-fluoride complexes
It was clear that the three species were intrinsically linked and we were able to convert the fluoride complex to either the Ir(I)-OH (via reaction with CsOH or KOH), or to the Ir(I)-Cl (via reaction with NaCl). However, when we attempted to extend the methodology to rhodium, the reactions were at best very slow (65% conversion after 60 h for [Rh(cod)(IPr)Cl]). Treating either of the metal chlorides or hydroxides with fluoride salts such as KF or CsF was also unsuccessful and a new approach had to be devised. To our delight, the Rh(I)-OH reacted with cheap and readily available KHF 2 to deliver the desired Rh(I)-F in high yield in just 5 h. This method proved general for both metals (Scheme 1) and analysis by 19 indicated that Rh(I)-F signals resonated at a higher field than the analogous Ir(I)-F complexes (δ -258, br (5); δ -253, d, 1 J RhF = 77 Hz (6)).
X-ray analysis of complexes 1, 3, 5 and 6 ( Figure 1 and Figure S56- As a third method, we examined the reaction between the Rh(I) and Ir(I)-hydroxides and Et 3 N·3HF. Ir(I)-OH and Rh(I)-OH complexes were reacted with Et 3 N·3HF (0.33 equiv.) in benzene to successfully deliver the Rh(I) and Ir(I)-fluorides in good to excellent yields (Scheme 2).
As described by Riant and Leyssens, 19b changing the solvent to THF and increasing the relative concentration of Et 3 N·3HF (0.66 equiv.) afforded the expected bifluoride species, [Ir(cod)(IPr)(HF 2 )] (7) and [Rh(cod)(IPr)(HF 2 )] (8) from the corresponding M-hydroxides (Scheme 2). NMR spectroscopic analyses of these new complexes showed subtle differences to the analogous fluoride complexes (1 and 5). At room temperature the 1 H NMR spectrum for each compound contained a low-field broad doublet (δ 11.4, 1 J FH = 395 Hz (7); δ 12.3, 1 J FH = 350 (8)). Upon cooling (200K, CD 2 Cl 2 ) the signals partially resolved into doublets of doublets in each case with a spin-spin coupling of 395 and 40 Hz for 7 and 350 and 25 Hz for 8 (see ESI). These 1 H NMR signals were assigned to the acidic proton of the bifluoride moiety; with a strong bond to one fluoride and a weaker bond to a second fluoride. The assignment was confirmed by the identification of two fluoride groups by 19 F NMR analysis of 7 and 8.
Scheme 2. Reaction of Rh(I) and Ir(I) hydroxides with Et3N·3HF
In each case, a 19 F NMR signal was observed in the same region as that found for 1 and 6, corresponding to the metalbound (proximal) fluoride. In addition, a doublet resonated further downfield with a spin-spin coupling constant of 395 Hz on 7 and 350 Hz on 8. These signals were assigned to the distal fluoride, showing a strong bond to the acidic proton. 15b, 18a, 18b, 19b, 20 X-ray crystallographic analysis of 7 and 8 (Figure 2) showed square planar complexes, similar to the mono-fluorides. The X-ray structure for 7 shows a significantly elongated M-F bond. This weakening of the M-F bond is a consequence of the hydrogen bond to HF.
15b The F−F separation on 7 is in the range of 2.35 − 2.39 Å and 2.32 − 2.33 Å for complex 8. These values are considerably less than the sum of the van der Waals radii of two F atoms (2.94 Å) 24 and are indicative of strong hydrogen bonds to the two fluorides, in agreement with reports for other metal bifluorides including those of Mo and Rh. 13, 14c, 15b, 15c, 16-18, 18c, 19b, 20 The unsymmetrical nature of the bifluoride ligand is further supported by FTIR analyses of 7 and 8, which showed two broad bands each (7: ν = 2623 and 1807 cm 14b, 16, 20 Compared to the IR bands expected for free HF (ν = 3896 and 3895 cm -1 in an Ar matrix), 25 it is clear that there is weakened hydrogen bonding within the HF moiety as a result of the H-bond to the proximal fluoride, causing a shift to lower wavenumber. ), 26 the IR bands of 7 and 8 are considerably higher in wavenumber, indicating that the HF 2 moiety in these complexes is highly unsymmetrical, with a stronger hydrogen bond to one fluorine atom than the other.
In addition to 7 and 8, an alkyl-substituted NHC complex of Ir(I)-(HF 2 ) was prepared in the form of [Ir(cod)(I i Pr)(HF 2 )] (9) (Scheme 2). The less sterically encumbered 9 exhibited different structural characteristics to 7 and 8, both in the solidstate and in solution. For example, at room temperature the 1 H NMR signal corresponding to the acidic proton resonates as a broad unresolved peak, as do both signals on the 19 F NMR spectrum (see ESI). Upon cooling to 200 K, the signals resolved into doublets of doublets in the same way as 7 and 8.
From the X-ray structure for 9 (Figure 2) , it is apparent that while the Ir-F bond is comparable in length to 7, the F-F separation (2.457(6), [2.587(6)] Å) is considerably larger, even compared to the values for most metal bifluorides reported to date. 8b, 13-16, 18a-c, 19b, 20 On closer inspection of the X-ray structures of 7 and 8, it is clear that F(1) and the isopropyl proton on each side of the IPr ligand are in very close proximity to each other (ca. 2.33 -2.49 Å in 7; 2.32 -2.43 Å in 8). This is considerably less than the sum of the van der Waals radii for H and F (2.67 Å) 24 Such a close contact is not possible in 9 and the added flexibility may account for the fluxional behaviour in solution that is associated with 9 (this close contact is not observed on the monofluoride complexes).
Next we studied the link between the fluoride and bifluoride complexes. The ease with which the bifluoride can be generated from the monofluoride and the lability of the HF molecule is especially important for catalytic fluorination and fluorination/ring-opening processes, 27 where catalysts, particularly metal fluorides are coupled with an HF source. In order to examine the persistence of the bifluoride moiety in the presence of a base, both the Rh(I) and Ir(I)-bifluorides (7 and 8) were reacted with a stoichiometric amount of KOH. In both cases, full conversion to the corresponding M-F (1 and 6) was seen within 2 h. Interestingly, the addition of a second equivalent of KOH yielded the corresponding M(I)-OH; whilst addition of Et 3 N·3HF (0.33 equiv.) to 1 or 6 regenerated M-HF 2 (7 and 8). Hence, the three species are inherently linked (Scheme 3) and in the presence of an excess of Et 3 N·3HF, a metal fluoride or hydroxide will more than likely deliver the metal bifluoride.
Scheme 3. Processes linking M(I)-OH, M(I)-F and M(I)-HF2
Having established reliable routes to mono and bifluoride complexes of Ir(I) and Rh(I), our final goal was to access the first examples of Ir(I)-and Rh(I)-NHC trifluoromethyl complexes. Our initial attempts were conducted using RuppertPrakash's reagent, trifluoromethyl(trimethyl)silane (TMSCF 3 (11) as a bright red solid (Scheme 4). All attempts at isolating the Ir-IPr and Rh-IPr analogues using this procedure failed. In order to rationalise these results we studied the structure of the isolated compound, 11. Hence, single crystals of 11 were grown and analysed by X-ray diffraction ( Figure 3 ). (11 -13) In the solid-state it was apparent that two of the fluorine atoms were in very close proximity to a methine proton on each side of the NHC ligand (ca. 2.45 Å). This distance is considerably less than the sum of the Van der Waals radii of H and F (2.67 Å) 24 and may indicate an interaction between the two groups. Furthermore, in the 13 C{ 1 H} NMR spectrum of 11, a spin-spin coupling interaction causes one of the methyl signals to split into a quartet (δ 22.8 ppm, J FC = 1 Hz). Since the methyl group is separated from the fluorine atoms by six bonds, the interaction must be a "through-space" coupling. 30 This evidence indicates that there are considerable steric factors to take into account and that the presence of bulky NHC ligand substituents such as diisopropyl(phenyl) might hinder the coordination of a CF 3 group to the metal centre.
Scheme 4. Preparation of [M(cod)(NHC)(CF3)] complexes
To Furthermore, an X-ray crystal structure of 13 ( Figure 3 ) indicated a similar close proximity between the fluorides and a proton on each of the cyclohexyl rings (2.51 -2.52 Å). Hence, this synthetic method is somewhat limited by the steric bulk of the NHC ligands and therefore, independant of the metal used. These structural investigations have given us further insights into the stability of this scaffold and the viability of the method. In conclusion, we have demonstrated three methods for accessing Ir(I)-NHC fluoride compounds, two of which were effective on rhodium. The first examples of Ir(I)-bifluorides are reported in high yields, via a general method. Access to Ir(I) and Rh(I)-F and -HF 2 complexes enabled examination of the link between the two species. This knowledge could prove paramount in developing new fluorination strategies since the bifluoride can be quantitatively generated from the monofluoride in solution and vice versa. A new method was also established to access the first examples of Ir(I)-NHC trifluoromethyl complexes. This method was also applied to access the first 5-membered NHC-based Rh(I)-CF 3 complex. Consequently, we have assembled a toolbox for the preparation of fluorinated complexes to take advantage of the reactivity of already successful Ir(I)-and Rh(I)-NHC scaffolds. This will
